We have previously shown that the inhibition of histone deacetylases (HDACs) protects the heart against acute myocardial ischemia and reperfusion injury. We also demonstrated that HDAC inhibition stimulates myogenesis and angiogenesis in a cultured embryonic stem cell model. We investigate whether in vivo inhibition of HDAC preserves cardiac performance and prevents cardiac remodeling in mouse myocardial infarction (MI) through the stimulation of endogenous regeneration. MI was created by ligation of the left descending artery. Animals were divided into three groups: 1) sham group, animals that underwent thoracotomy without MI; 2) MI, animals that underwent MI; and 3) MI ϩ trichostatin A (TSA), MI animals that received a daily intraperitoneal injection of TSA. In addition, infarcted mice received a daily intraperitoneal injection of TSA (0.1 mg/kg), a selective HDAC inhibitor. 5-Bromo-2-deoxyuridine (50 mg/kg) was delivered every other day to pulse-chase label in vivo endogenous cardiac replication. Eight weeks later, the MI hearts showed a reduction in ventricular contractility. HDAC inhibition increased the improvement of myocardial functional recovery after MI, which was associated with the prevention of myocardial remodeling and reduction of myocardial and serum tumor necrosis factor ␣. HDAC inhibition enhanced the formation of new myocytes and microvessels, which was consistent with the robust increase in proliferation and cytokinesis in the MI hearts. An increase in angiogenic response was demonstrated in MI hearts receiving TSA treatment. It is noteworthy that TSA treatment significantly inhibited HDAC activity and increased phosphorylation of Akt-1, but decreased active caspase 3. Taken together, our results indicate that HDAC inhibition preserves cardiac performance and mitigates myocardial remodeling through stimulating cardiac endogenous regeneration.
Introduction
Histone acetyltransferases (HATs) and histone deacetylases (HDACs) have recently emerged as important enzymes in the regulation of a variety of cellular responses. Histone acetylation is mediated by histone acetyl transferase. The resulting modification in the structure of chromatin leads to nucleosomal relaxation and altered transcriptional activation. The reverse reaction is mediated by HDAC, which induces deacetylation, chromatin condensation, and transcriptional repression (Luger et al., 1997; Hansen et al., 1998; Cheung et al., 2000; Strahl and Allis, 2000; Turner, 2000) . In addition to histones, growing evidence suggests that HAT and HDAC target nonhistone proteins, including transcriptional factors (Chen et al., 2001) , which may represent general regulatory mechanisms in biological signaling.
Since the identification of HDAC1 (named HD1) (Hassig et al., 1998) , 18 HDACs have been described in mammals and are divided into three distinct classes on the basis of secondary structure (Verdin et al., 2003) . Class I HDACs consist of HDAC1, HDAC2, HDAC3, and HDAC8, which are predominantly nuclear proteins and ubiquitously expressed. Class II HDACs include HDAC4, HDAC5, HDAC7, and HDAC9. In contrast to class I, class II HDACs exhibit a tissue-specific pattern of expression. HDAC4 and HDAC5 are found at high levels in the heart, brain, and skeletal muscles (Fischle et al., 1999; Grozinger et al., 1999; Wang et al., 1999) . Class III HDACs were identified on the basis of sequence similarity with Sir, a yeast transcriptional repressor that requires the cofactor NDA ϩ for its deacetylase activity. HDAC inhibitors have shown efficacy as anticancer reagents in human and animal models and are emerging as an exciting clinical treatment targeting solid and hematological malignancies (Vigushi and Coombes, 2004) .
Inhibition of class II HDACs silences fetal gene activation, renders myocytes insensitive to hypertrophic agonists, blocks cardiac hypertrophy, and prevents cardiac remodeling (Antos et al., 2003; Kee et al., 2006; Kong et al., 2006; Granger et al., 2008) . Furthermore, HDAC inhibition has previously been shown to markedly decrease infarct size in the focal cerebral ischemia model of rats (Ren et al., 2004) . We and others have demonstrated that inhibition of HDAC with trichostatin A (TSA) protects the heart against ischemic injury (Lee et al., 2007; Zhao et al., 2007 Zhao et al., , 2010 Granger et al., 2008; Zhang et al., 2010) , which is associated with activation transcriptional factor B, stimulation of gp91, and activation of p38 mitogen-activated protein kinase. Recently, we demonstrated that HDAC inhibition increased the resistance of embryonic stem cells (ESCs) to oxidant stress, which is associated with the reduction of cell death, an increase in cell viability, and a decrease in apoptosis. It is noteworthy that we also found that HDAC inhibition stimulates the growth of embryoid bodies, which is linked to the cardiac lineage commitment and an increased up-regulation of cardiac-specific transcriptional factors, suggesting that HDAC inhibition constitutes a major cascade in controlling cardiogenesis and promoting the survival of ESCs (Chen et al., 2011) .
The discovery of cardiac stem cells (CSCs) has generated considerable enthusiasm toward the idea of the regenerating myocardium by using resident stem cells (Beltrami et al., 2003; Oh et al., 2003; Laugwitz et al., 2005; Loffredo et al., 2011) . It is noteworthy that epigenetic intervention and/or HDAC inhibition have been identified as the most critical determination for cell programming in vitro studies (Huangfu et al., 2008; Ware et al., 2009) . However, it is not clear whether HDAC inhibition can trigger an endogenous regeneration that is sufficient to repair infarcted tissue. In this study, we used the chronic mouse myocardial infarction (MI) model and systematically delivered HDAC inhibitor to examine the effect of HDAC inhibition on cardiac performance and myocardial remodeling. We used 5-bromo-2-deoxyuridine (BrdU) to pulse-chase label the newly formed myocardial tissue and vascular structure after HDAC inhibition in MI hearts. We also detected whether HDAC inhibition-induced myocardial regeneration resulted in the improvement of functional recovery. Our results demonstrate that HDAC inhibition improves myocardial function and promotes endogenous regeneration and angiogenic response in the infarcted heart. Resources, 1996) .
Materials and Methods

Animals
In Vivo Myocardial Infarction. The mouse myocardial infarction model was created after thoracotomy by applying permanent ligation of the left anterior descending artery as described previously (Zhao et al., 2008; Tseng et al., 2010) . In brief, mice were anesthetized with an intraperitoneal injection of sodium pentobarbital at a dose of 50 mg/kg; additional doses of pentobarbital were given as needed during the procedure to maintain an anesthetized state. Mice were placed in a supine position and intubated with an endotracheal tube. Ventilation was achieved with a 
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mini rodent ventilator (Harvard Apparatus Inc., Holliston, MA). Thoracotomy was performed with tenotomy scissors. A 7-0 nylon suture was passed with a tapered needle under the left anterior descending coronary artery. The suture was tied to create coronary occlusion. Upon completion of ligation, the chest was closed in a layered fashion, and air was evacuated to prevent pneumothorax. Mice in the sham group were anesthetized and underwent thoracotomy without coronary ligation. Animals were divided into three groups: 1) sham, animals that underwent thoracotomy without MI; 2) MI, animals that underwent MI; and 3) MI ϩ TSA, MI animals that received a daily intraperitoneal injection of TSA (0.1 mg/kg; Sigma, St. Louis, MO) for 8 consecutive weeks after MI. MI control animals received a daily intraperitoneal injection of saline (0.1 ml). To evaluate the effect of HDAC inhibition on newly formed angiomyogenesis, BrdU (50 mg/kg; Sigma) was delivered every other day to pulse-chase label in vivo endogenous cardiac replication. Eight weeks later, cardiac ventricular function and immunohistochemistry were determined.
Langendorff Isolated Heart Perfusion. The methodology of Langendorff's perfused heart preparation and measurement of left ventricular (LV) function has been described previously in detail (Zhao and Kukreja, 2002; Zhao et al., 2006 Zhao et al., , 2008 Tseng et al., 2010) . In brief, mice were anesthetized with a lethal intraperitoneal injection of sodium pentobarbital (120 mg/kg). Hearts were rapidly excised and arrested in ice-cold Krebs-Henseleit buffer. They were then cannulated via the ascending aorta for retrograde perfusion by the Langendorff method using Krebs-Henseleit buffer containing 110 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO 4 ⅐ 7H 2 O, 2.5 mM CaCl 2 ⅐ 2H 2 O, 11 mM glucose, 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , and 0.5 mM EDTA. The buffer, aerated with 95% O 2 :5% CO 2 to give a pH of 7.4 at 37°C, was perfused at a constant pressure of 55 mm Hg. A water-filled latex balloon, inserted into the left ventricle and attached to the tip of polyethylene tubing, was then inflated sufficiently to provide a left ventricular enddiastolic pressure (LVEDP) of approximately 10 mm Hg measured by means of a disposable Gould pressure transducer (Gould Instrument Systems Inc., Cleveland, OH). Left ventricular functional analysis was recorded by using software and a computerbased recording system (BIOPAC, Goleta, CA). These parameters included left ventricular systolic pressure, LVEDP, heart rate (HR), and LV developed pressure (LVDP), where LVDP is LV systolic pressure minus LVEDP. LV dP/dt max and LV dP/dt min were continuously recorded. At the end of the experiments, myocardial samples were collected for histological analysis.
Determination of Microvascular Density. To identify microvascular density, isolated hearts were perfused with the modified Krebs-Henseleit buffer containing fluorescent-isothiocyanateconjugated lycopersicon esculentum lection (Sigma), which uniformly binds to the surface of the endothelium. The hearts were then fixed in 4% paraformaldehyde, and paraffin-embedded crosssections were prepared. Myocytes were identified by ␣-sarcomeric actinin by using a red fluorescent secondary antibody. Microvascular density was determined on 18 different, randomly selected fields of cross-sectioned fibers from each heart (Frederick et al., 2010) .
Tissue and Cellular Immunoctyochemistries. Cardiac tissues and sections were prepared from the paraffin-embedded hearts as described previously (Tseng et al., 2010) . Tissue sections were deparaffinized for 30 min at 70°C and subsequently immersed in xylene and ethanol at decreasing concentrations. Slides were then washed in distilled water. Myocytes were identified by ␣-sarcomeric actinin; smooth muscle cells were identified by anti-␣-smooth muscle actin (␣-SMA) monoclonal antibodies, and endothelial cells were identified by von Willebrand factor (vWF) polyclonal rabbit antibody (Sigma). BrdU was used to detect the proliferative cells; Ki67 was used to detect the cycling cells; and phosphorylated histone 3 (pH3) was used to detect mitosis. The total number of vessels from each group was calculated and normalized to the tissue area. CSCs were labeled with c-kit antibodies. The stained numbers of each section were counted in approximately 20 randomized fields of the tissue sections, which were taken in the middle plane of each heart and contained infarct and border regions.
Histological Analysis. Sections (10 m) were prepared from paraffin-embedded tissues, and sections from apex, mid-left ventricle, and base were stained with Masson's trichrome according to the manufacturer's protocol (Sigma). Images of the three sections, from the base to the apex of the left ventricle, were taken by using an Olympus BX51 microscope (Olympus, Tokyo, Japan) with SPOT Advanced software (SPOT Imaging Solutions, Sterling Heights, MI). Infarct scar area and total area of LV were traced manually and measured by using Image J software (National Institutes of Health, Bethesda, MD). Wall thickness of left ventricle, viable myocardium, and scar size were measured as described previously . To quantitate the degree of LV dilation, the LV expansion index was calculated by using a modification of the method: expansion index ϭ (LV cavity area/total area) ϫ (noninfarcted region wall thickness/risk region wall thickness) .
HDAC Activity Assay in the Myocardium. Measurement of HDAC activity in cardiac tissue was conducted by using a colorimetric HDAC activity assay kit (BioVision, Mountain View, CA).
Western Blot Analysis. The cardiac tissues were lysed with radioimmunoprecipitation assay buffer (150 mM sodium chloride, 1.0% nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0), supplemented with protease inhibitor cocktail. The proteins detected included antiphosphorylated Akt-1, Akt-1 (Cell Signaling Technology, Danvers, MA), and active caspase 3 (Abcam plc, Cambridge, UK) and ␤-actin rabbit polyclonal antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Proteins (30 g/lane) were separated by 10% SDS-polyacrylamide gel elec- trophoresis. The proteins were then transferred onto a nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk in phosphate-buffered saline containing 0.5% Tween 20 for 1 h. The blots were incubated with primary antibodies (1:1000) overnight at 4 h and visualized by incubation with anti-rabbit or anti-mouse horseradish peroxidase-conjugated antibodies (1:5000 dilution) for 1 h. The immunoblots were developed with ECL Chemiluminescence Detection Reagent (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). The densitometric results were normalized to the control group and expressed as percentages of control values.
Measurements of Myocardial TNF-␣. TNF-␣ contents were measured by using an enzyme-linked immunosorbent assay kit (BD Biosciences, San Jose, CA). In brief, a standard curve was generated for samples assayed by standards of various concentrations. Assays were performed in duplicate. Development of a colored reaction caused by the conversion of chromogenic substrate (tetramethylbenzidine) that was directly proportional to the amount of the analyte assayed followed for 10 min with analysis via an enzyme-linked immunosorbent assay plate reader at 450 nm. Results were expressed in picograms per milligram.
Statistics. All measurements are expressed as means Ϯ S.E. Differences among the groups were analyzed by one-way analysis of variance, followed by post hoc Bonferroni correction or Student's unpaired t test for two groups. Statistical differences were considered significant with a value of p Ͻ 0.05.
Results
Ventricular Function of Postinfarction Mouse Heart
In Vitro. Left ventricular functional parameters were measured in isovolumetric perfused hearts. Ventricular function is illustrated in Fig. 1 . Significant reductions in left ventricular systolic pressure and developed pressure were observed in infarcted hearts compared with sham control heart. Left ventricular developed pressure in MI vehicle-injected hearts decreased to 50% of that of sham-operated mice. There was a greater improvement in LV dP/dt max and LV dP/dt min restoration in the TSA-treated groups. There was no significant difference in heart rate between the groups. The assessment of effluent was used as a measure of the coronary flow. TSA 
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treatment increased the content of coronary effluent (CF) compared with the control group. Taken together, the administration of TSA in MI mice improved cardiac functional recovery in MI hearts.
Evidence of Newly Formed Myocardial Components in Postinfarction Heart. To test whether HDAC inhibition serves as a major determinant to activating c-kit ϩ CSCs to regenerate myocardium, mouse MI was induced by ligation of the left descending coronary artery. TSA treatment led to a dramatic increase in c-kit ϩ CSCs, with increases that were approximately 2-fold (Fig. 2C) . In addition, TSA treatments markedly increased BrdU incorporation within the infarcted area (Fig. 2, A and B) . Ki67 was included to provide a quantitative estimation of the fraction of cells in the cell cycle at the time of observation. An increase in Ki67-positive components was evident in TSA-treated MI hearts. Mitosis was assessed by using pH3 (Fig. 2D) . The pH3-positive nuclei and cardiomyocytes that were elevated in the hearts received TSA (Fig. 2E) . The representative images of BruU, c-kit, Ki67, and pH3 in sham and the infarcted area of MI and MIϩTSA-treated hearts are shown in Fig. 3 . Taken together, these results indicate that TSA stimulates the self-renewal of c-kit ϩ CSCs and enhances endogenous myocardial proliferation and cytokinesis in vivo in MI hearts.
HDAC Inhibition, Angiogenesis, and Vascular Structure. Angiogenic responses were examined by immunofluorescent staining for vascular smooth muscle actin and vWF. TSA treatment substantially increased the densities of microvessels in the infarcted zone, as indicated by an increase in ␣-SMA, lectin, and vWF (Fig. 4) . In the border and center regions of the infarct zone, ␣-SMA staining was observed. As shown in Fig. 4 , A and D, administration of TSA significantly increased ␣-SMA-positive vascular density in the border zones of infarcted hearts compared with left anterior descending artery ligation alone. Furthermore, to identify the microvascular density, isolated hearts were perfused with fluorescent isothiocyanate-conjugated lycopersicon esculentum lection, which uniformly binds to the surface of the endothelium. As shown in Fig. 4 , B and E, TSA treatment caused a marked increase in lectin-stained vascular structure density in MI hearts compared with the control hearts. Likewise, we also observed a significant increase in vWFpositive staining in infarcted and border zones after administration of TSA (Fig. 4, C and F) .
Prevention of Myocardial Hypertrophy and Remodeling. Administration of TSA reduced the content of fibrosis of left ventricle in response to myocardial infarction and myocardial infarction size (Fig. 5, A and B) . Compared with the sham control group, morphometric analysis of infarcted hearts showed severe LV chamber dilatation and infarct wall thinning. MI hearts that received HDAC inhibition illustrated attenuated LV remodeling, which demonstrated a more viable myocardium and thicker infarcted wall but smaller scar size and less LV expansion (Fig. 5C ). MI heart resulted in the increase of infarction. Heart/body ratio, an index of hypertrophy, increased after myocardial infarction. However, the hypertrophic response to MI was reduced in the TSA-treated mouse MI hearts (Fig. 6A) . The Kaplan-Meier survival curve was used to assess animal survival. As shown in Fig. 6B , TSA treatment significantly improved the survival rate of animals exposed to myocardial infarction.
It is known that TNF-␣ in myocardium was markedly up-regulated in response to myocardial ischemia. The myocardial and serum TNF-␣ levels were suppressed in MI hearts from mice receiving TSA treatment compared with the control MI group (Fig. 7) .
HDAC Inhibition Activates Mitogen-Activated Protein Kinase Signaling. We have previously demonstrated that Akt-1 is involved in the protection of hearts against ischemic injury (Tseng et al., 2010) . Akit-1 is pivotal in the regulation of cardiac development, cardiac stress, and protective effects. We next attempted to examine whether HDAC inhibition would activate these specific signaling pathways in MI hearts. HDAC activity in MI hearts increased compared with the sham group, but was abrogated by TSA treatment (Fig. 8A) . It is noteworthy that relative to the control MI TSA treatment showed an increase in phosphorylated Akt-1 (Fig. 8B) . Furthermore, HDAC inhibition significantly reduced the content of active caspase 3 in MI hearts (Fig. 8C) , suggesting that stimulation of Akt-1 signal- 
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ing pathway and inhibition of apoptosis also involves the beneficial effects of TSA.
Discussion
HDAC inhibition has been demonstrated to play an essential role in the regulation of cardiac growth, prevention of cardiac hypertrophy, and protection against ischemia injury (Kee et al., 2006; Kong et al., 2006; Zhao et al., 2007 Zhao et al., , 2010 Granger et al., 2008; Haberland et al., 2009 ). The availability of well characterized heart progenitor cells will allow for a direct examination of their biological function and specific pathway that drives cardiogenesis in the developmental stage and regeneration of infarcted myocardium (Matsuura et al., 2009; Tang et al., 2010) . In this study, we have demonstrated: 1) administration of TSA improved myocardial functional recovery in the infarcted heart; 2) TSA stimulated endogenous myocardial regeneration, which involves c-kit ϩ CSC proliferation in MI hearts; 3) TSA augmented cardiac proliferation and mitosis as indicated by increases in Ki67 and phosphorylated histone 3, which are closely associated with an increase of newly formed cardiac components; the angiogenesis and newly formed vascular structure were upregulated in MI hearts after HDAC inhibition; and 4) TSA administration prevented myocardial remodeling and cardiac hypertrophy and mitigated the proinflammatory response.
HATs and HDAC govern gene expression patterns by being recruited to target genes through association with specific transcription factors (Yuan et al., 2005; Haberland et al., 2009 2006; Kong et al., 2006; Lee et al., 2007; Zhao et al., 2007 Zhao et al., , 2010 Granger et al., 2008; Zhang et al., 2010) . Consistent with our previous findings, chronic MI hearts with HDAC inhibition manifested an antihypertrophic effect and prevented cardiac modeling, which is associated with the improvement of myocardial functional recovery.
It is known that development and cell fate determination require genetic and epigenetic coordination (Surani et al., 2007) . The most striking example shown here is that HDAC inhibitors increase reprogramming efficiency of fibroblasts into induced pluripotent stem cells and ESC self-renewal across species (Huangfu et al., 2008; Ware et al., 2009) , which support the possibility of reprogramming through HDAC inhibition, which may make the therapeutic use of reprogrammed cells safer and more practical. However, it remains unknown whether HDAC inhibition could stimulate endogenous angiomyogenesis and repair the infarcted myocardium in vivo. Our evidence shows that the administration of TSA stimulates the self-renewal of the c-kit CSCs, which is consistent with the marked increase in newly formed myocytes in the infarcted hearts, indicating that in vivo HDAC inhibition effectively activated cardiac progenitor cells to facilitate myocardial regeneration. In addition, c-kit ϩ CSCs are characteristically positively stained with c-kit and cardiac actinin, a specific cardiac marker, which lacks hematopoietic stem cell marker CD34, indicating that peripheral c-kit ϩ stem cells might not play a major role in myocardial regeneration induced by HDAC inhibition. It will be interesting to see whether HDAC inhibition promotes myocardial regeneration through the mobilization of peripheral progenitor cells. Our observation is supported by our previous findings that trichostatin A and sodium butyrate stimulate the growth of embryoid bodies, which are closely associated with a faster spontaneous rhythmic contraction, the cardiac lineage commitment, and an increased up-regulation of cardiac actin and cardiac-specific transcriptional factors (Chen et al., 2011) . Therefore, HDAC inhibition plays an important role in mediating endogenous myocardial regeneration.
Angiogenesis is a complex physiologic process consisting of local degradation of the surrounding capillaries and migration of ECs to angiogenic stimuli after proliferation, leading to the formation of a three-dimensional capillary network. We have shown that angiogenesis after TSA treatment is associated with the restoration/preservation of myocardial function after myocardial infarction. Coronary effluent was increased by the administration of TSA compared with that of control MI, suggesting that an increase in coronary effluent might be associated with a more robust angiogenic response after administration of TSA. In addition, an increase in CF might be related to vascular dilation, which is worthwhile for the future investigation. It is known that pathological cardiac hypertrophy with reduced contractility is accompanied by impaired coronary angiogenesis. It is likely that the increase in angiogenic response in TSA treatment contributes to the improvement in contractile performance in our studies. This emphasizes the importance of TSA in regulation of the angiogenic response in myocardial infarction. It has recently been reported that both cardiac ␣-and ␤-myosin heavy chain isoforms were found to be reversibly acetylated and lysine acetylation increased the actin sliding velocity of ␣-myosin and ␤-myosin compared with their respective nonacetylated isoforms (Samant et al., 2011) . It is likely that TSA treatment also contributes to the improvement of myocardial functional recovery in our study, which is a subject that merits further investigation. Akt is pivotal in the regulation of cardiac development (Mangi et al., 2003; Tseng et al., 2010) . Our observation shows that relative to the control MI TSA treatments promote an increase in phosphorylated Akt-1. It is likely that HDAC inhibition stimulates Akt-1 to facilitate myocardial regeneration and prevents cardiac modeling under in vivo conditions.
In conclusion, although we have previously shown that TSA induces a pharmacological preconditioning effect against acute myocardial ischemia and reperfusion injury, it is not clear whether TSA promotes endogenous angiomyogenesis in infarcted mouse hearts. The present study demonstrates new evidence that in vivo inhibition of HDAC improved cardiac functional recovery and antagonized myocardial remodeling in chronic MI. It is noteworthy that HDAC inhibition significantly improved animal survival rate of post-MI, which is associated with the mitigation of both myocardial and serum TNF-␣ levels in MI heart. Furthermore, HDAC inhibition stimulated the self-renewal of CSCs and resulted in robust increases in proliferation and cytokinesis in the MI hearts, which are associated with the enhancement of the newly formed myocytes and angiogenic responses. In addition, HDAC inhibition-induced cardioprotection involves the activation of Akt-1 and inhibition of apoptosis. Our study provides novel evidence that a new therapeutic strategy could be developed based on HDAC inhibition that elicits the stimulation of cardiac endogenous regeneration and angiogenesis in infarcted heart.
